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ABSTRACT 

I n  most space communication systems the  energy a v a i l a b l e  

to the  s p a c e c r a f t  i s  l imi t ed .  T h i s  paper  i s  an e f f o r t  t o  

reduce the energy requi red  by the s p a c e c r a f t  f o r  a given 

o v e r a l l  p r o b a b i l i t y  of e r r o r  by employing feedback from the 

ground s t a t i o n  t o  t h e  spacec ra f t .  

Three memoryless systems employing feedback a r e  compared 

wi th  a memoryless system without feedback and it i s  shown 

t h a t  f o r  t he  same energy l e v e l ,  feedback impmves the pe r fo r -  

mance of a system a s  f a r  a s  t h e  o v e r a l l  p r o b a b i l i t y  of e r r o r  

i s  concerned. 

The s i g n a l s  considered a r e  orthogonal,  phase-coherent, 

and per turbed  by white Gaussian noise .  The conclusions,  

however, could be extended t o  non-phase-coherent s i g n a l s  and 

a l s o  Rayleigh noise .  
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CHAPTER I 

INTRODUCTION 

I n  most te lemet ry  systems t h e  prime cons ide ra t ions  a r e  

always the reduct ion  of the o v e r a l l  p r o b a b i l i t y  of e r r o r ,  

lowering of t h e  expected va lue  of the  energy requi red  f o r  

communication, and an inc rease  i n  t h e  information r a t e .  

These three f a c t o r s  a r e  n o t  q u i t e  independent and depending 

on t h e  purpose for which a p a r t i c u l a r  te lemet ry  system is 

designed any one of these requirements will dominate over 

t h e  o the r s .  A s  an example cons ider  a space communication 

system where t h e  energy a v a i l a b l e  t o  t h e  spacec ra f t  i s  small  

due t o  weight and space l i m i t a t i o n s  whereas the  ground s t a -  

t i o n  has  access  t o  t h e  most powerful t r a n s m i t t e r s .  I n  t h i s  

system t h e  important  requirement would be to minimize t h e  

s p a c e c r a f t  energy f o r  a given o v e r a l l  p r o b a b i l i t y  of e r r o r  

o r  s t a t i n g  it d i f f e r e n t l y  t o  minimize t h e  o v e r a l l  p r o b a b i l i t y  

of e r r o r  f o r  a given energy l e v e l .  It seems n a t u r a l  t o  assume 

t h a t  some form of feedback from the  ground s t a t i o n  to t h e  

s p a c e c r a f t  w i l l  be necessary  t o  reduce t h e  o v e r a l l  p r o b a b i l i t y  

o f  e r r o r .  
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CHAPTER I1 

A COMMUNICATION SYSTEM WITHOUT FEEDBACK 

For t h e  purpose of t h i s  paper we s h a l l  consider  only 

the  performance of memoryless systems wi th  t h e  number of 

re t ransmiss ions  a r b i t r a r i l y  t runcated.  We s h a l l  consider  

the t ransmission of phase-coherent orthogonal s i g n a l s  

through a channel per turbed by a d d i t i v e  white  Gaussian noise.  

I n  o t h e r  words, WB s h a l l  d e a l  w i t h  a group of s i g n a l s  where 

t h e  c ros s -co r re l a t ion  between any two s i g n a l s  i s  zero, and 

t h e  power s p e c t r a l  d e n s i t y  of no ise  i s  a constant .  

is  t h e  s i g n a l  t ransmi t ted  w i t h  per iod = T seconds and n ( t )  

is  the  a d d i t i v e  no i se  then t h e  received s i g n a l  x ( t )  i s  given 

I f  s i ( t )  

by J 

x ( t )  = s,(t) + n ( t )  

L e t  u s  assume without l o s s  of g e n e r a l i t y  t h e  spacec ra f t  

hiants t o  t ransmi t  one of M = Zn orthogonal,  equiprobable and 

equal-energy s i g n a l s .  

o i # j  

0 ES i = j  
f s i ( t ) s j ( t ) d t  = { 

The no i se  pcwer s p e c t r a l  d e n s i t y  f o r  white GX2ussian noise  i s  

given by, 

NO s (w) = - nn 2 - = < u < m  

2 
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Assume s,(t) was t ransmi t ted  by t h e  spacecraf t .  I f  vie 

use the maximum l ike l ihood  dec is ion  scheme a s  shown i n  Figure 

1, t h e  p r o b a b i l i t y  t h a t  yl i s  the l a r g e s t  output is  given 
2 

by , 

where o2 = - 2 

S u b s t i t u t i n g  a = - y1 and f3 

the  p r o b a b i l i t y  of c o r r e c t  
Es 

- - 2,- , f o r  
% 

decis ion  is  

equiprobable s i g n a l s  

given by, 4 

f o r  var ious values of Eb A convenient p l o t  o f  P(C) vs.  - 
M = 2n is  included here  f o r  ~ e f e r e n ? ~  (Figure 2 )  where 

Eb - - = energy pe r  b i t .  

of s i g n a l s  M i s  not  an exponent of 2, t o  g e t  t he  energy p e r  

- ES Note, however, t h a t  i f  t h e  number n 

b i t  Eb, n = log2 M. 

Now suppose the spacec ra f t  r e t r ansmi t s  t he  o r i g i n a l  

s igna l ,  ( i . e . ,  simple redundancy) i n  our case sl. I f  t he  

second t ransmission i s  considered by ikse l f  then t h e  probab- 

i l i t y  of c o r r e c t  dec i s ion  i s  the same a s  before  (P(C)); 

however, when the two received s i g n a l s  xl, x2, a r e  added t o  
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FIGURE 1. Maximum Likelihood Decision Scheme 
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FIGURE 2. Word-Error Probability Curves for Gaussian 
No is e 
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form the  inpu t  t o  t h e  maximum l i k l i h o o d  r e c e i v e r  t h e  proba- 

b i l i t y  of c o r r e c t  dec i s ion  i s  g r e a t l y  improvsd. When 

x l ( t )  + x2(t) = 2 s l ( t )  + n l ( t )  + n 2 ( t )  i s  the  new inpu t  t o  

t h e  maximumlikelihood r e c e i v e r  the  p r o b a b i l i t y  of c o r r e c t  

d e c i s i o n  i s  given by, 

- 
where a s  before  f ( a )  = ‘ l e  

2 a 
7 

NO 

A s  expected t h i s  p r o b a b i l i t y  i s  equal  t o  t h e  p r o b a b i l i t y  

of c o r r e c t  d e c i s i o n  i f  the s p a c e c r a f t  had t r ansmi t t ed  the  

s i g n a l  w i th  twice  the energy i n  one i n t e r v a l  alone. 

both these procedures the  o v e r a l l  p r o b a b i l i t y  of e r r o r ,  

P ( E )  = 1 - P2(C) = P2(€) and the expected va lue  of t h e  energy 

r equ i r ed  i s  2Es. 

For 



CHAPTER I11 

COMMUNICATION SYSTEM WITH SIMPLE FEEDBACK 

Two forms of feedback a r e  a v a i l a b l e  t o  us,  1) Decision 

Feedback, and 2)  Information, Feedback. 

1) Decision Feedback a s  the name implies r equ i r e s  t h e  

r e c e i v e r  on the ground t o  decide when the t ransmission i s  

t o  be repeated o r  terminated and what i s  going t o  be the  

f i n a l  dec is ion .  

2 )  Information Feedback means the spacec ra f t  t r a n s m i t t e r  

decides  wnen and what t o  r e t r ansmi t  upon rece iv ing  feedback 

from t h e  ground s t a t i o n .  

The key word f o r  our purpose s h a l l  be adapt ive  feedback 

meaning a combination of both of t he  above t o  g i v e  the  lowest 

p r o b a b i l i t y  of e r r o r .  

adapt ive  feedback scheme a s  follows. 

t o  a s  Scheme 1 f o r  comparison purposes: 

We s h a l l  f i r s t  consider  a simple 

T h i s  s h a l l  be r e f e r r e d  

1. Scheme 1 

F i r s t  Transmission: Spacecraf t  t ransmi ts  1 of M equiprobable,  

equal-energy orthogonal s i g n a l s  through a channel perturbed 

by white Gaussian noise .  The r e c e i v e r  on t h e  ground stores 

t he  information and employs maximum l ike l ihood  de tec t ion  t o  

decode the c o r r e c t  s igna l .  

t h e  spacec ra f t  i n  a n e g l i g i b l y  s h o r t  period of time through 

a n o i s e f r e e  path.  

energy compared t o  t h e  spacec ra f t  we a r e  j u s t i f i e d  i n  assuming 

The decoded s i g n a l  i s  fed back t o  

Since t h e  ground s t a t i o n  has unl imited 

7 
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t he  feedback loop i s  v i r t u a l l y  e r r o r - f r e e  and takes  very 

l i t t l e  t i m e  compared t o  the spacec ra f t  t ransmission period, T.  

Second Transmission: The spacec ra f t  decides  whether t h e  

r e c e i v e r  on the ground made the c o r r e c t  dec is ion  o r  not.  

Depending on t h e  outcome of t h i s ,  the  spacec ra f t  t ransmi ts  

1 of 2 equiprobable,  equaldenergy orthogonal s i g n a l s  sa, 

The s i g n a l s  sa, Sb may o r  may not  be i n  t h e  o r i g i n a l  'bo 
s e t  of M s i g n a l s .  For our purpose we s h a l l  not include 

t h e s e  i n  t h e  o r i g i n a l  s e t  of M s igna l s .  The s i g n a l  s 

corresponds t o  t h e  message "accept t he  decis ion ' '  and sb 

corresponds t o  re jec t  t h e  dec is ion ."  The r ece ive r  on the  

ground decodes t h e  message and feeds it back t o  t h e  spacecraf t  

through the e r r o r - f r e e  path.  I f  t he  outcome was sa t h e  ground 

r e c e i v e r  accepts  t h e  s i g n a l  decoded i n  the f i r s t  transmission 

a s  t h e  f i n a l  dec i s ion  and wa i t s  f o r  t h e  next  message. 

S imi la r ly ,  the  spacec ra f t  s t a r t s  t r ansmi t t i ng  t h e  next 

a 

1' 

message on t h e  l i s t .  

Thi rd  Transmission: 

r e t r a n s m i t s  t h e  o r i g i n a l  1 of M orthogonal s igna l s .  

r e c e i v e r  on t h e  ground adds t h e  information s to red  during the  

first i n t e r v a l  to t h i s  t h i r d  i n t e r v a l  and again employs 

maximum l ike l ihood  d e t e c t i o n  t o  decode t h e  t ransmi t ted  s i g -  

na l .  For t h i s  p a r t i c u l a r  t runcated system, the  ground 

r e c e i v e r  accepts  t h i s  a s  t& f i n a l  dec i s ion  and awaits  t h e  

next  message. 

and goes on t o  the next  message. 

schematical ly  i n  Figure 3. 

I f  t h e  outcome was sb t h e  spacec ra f t  

The 

S imi l a r ly  t h e  spacecraf t  s t o p s  r e t r ansmi t t i ng  

Scheme 1 i s  represented 
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L e t  P1 = p r o b a b i l i t y  of e r r o r  i n  the  f i r s t  i n t e r v a l  c o n s i s t -  

ing  of 1 of M orthogonal s igna l s .  
- 
P1 = 1 - P I  

q1 = p r o b a b i l i t y  of e r r o r  i n  t h e  second i n t e r v a l  cons i s t ing  

of 1 of 2 orthogonal s i g n a l s . '  

91 = 1 - 91 

p2 = p r o b a b i l i t y  of e r r o r  f o r  1 of M orthongonal s i g n a l s  f o r  

t h e  f irst  and t h e  t h i r d  i n t e r v a l s  added toge ther  wi th  

the o r i g i n a l  s i g n a l  p re sen t  twice. 
- 
P2 = 1 - P2 

The o v e r a l l  p r o b a b i l i t y  or error can be obtained from t h e  

p r o b a b i l i t y  t ree  shown i n  Figure 4. 

and t h e  expected value of the required energy dS> = 

(3  - plql - P1cl)Es which i s  approximately given by, 

as> 2Es when q1 < p1 < 0.1. 

Comparing t h e  system without feedback with Scheme 1 we 

g e t  t h e  fol lowing r e s u l t s :  
E 
3 i n  db 
NO 

10.39 db, f o r  M = 32 

10.83 db, for M = 64 

11.2 db, f o r  M = 128 

4.9 x 4 10-5 

1.41 x lo-' 

For both t h e  above systems t h e  expected value of t h e  required 

energy i s  2Es. ES 

NO 
For each value of M, t h e  value of - 
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FIGURE 4. Probabi l i5y  of Er ro r  Tree f o r  Scheme 1 



corresponds 

p1 = 0.01) 
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t o  t h e  word e r r o r  p r o b a b i l i t y  of 0.01, (i.e., 

The above f i g u r e s  show a v a s t  improvement i n  the  o v e r a l l  

p r o b a b i l i t y  of e r r o r  f o r  the same expected value of s i g n a l  

energy by in t roducing  simple feedback. The reason f o r  

improvement l i e s  i n  the f a c t  t h a t  Scheme 1 through t h e  use 

of adapt ive  feedback allows us  t o  t ransmi t  1 o u t  of 2 

orthogonal s i g n a l s  during the second i n t e r v a l  i n s t ead  of 1 out 

of M orthogonal s i g n a l s  which has a higher  p r o b a b i l i t y  of 

e r r o r ,  i .e. ,  P1 7 ql- 



CKAPTE3 N 

FEEDBACK COMMUNICATION SYSTEM WITH A MORE CWIPLEX SCHl3M.E 

I n  Chapter 11 we found an expression f o r  t h e  p r o b a b i l i t y  

of c o r r e c t  dec i s ion  based on the l a r g e s t  output  of t h e  

maximum l ike l ihood  rece iver .  

2- Q -a 
P(') ( C )  = f ( a  - K) ( j f(f3)df3)M-1da 

the maximum l i k e l i h o o d  r e c e i v e r  i n s t ead  of j u s t  one, t h e  

p r o b a b i l i t y  of e r r o r  i s  reduced. 

p r o b a b i l i t y  of e r r o r  i f  we p ick  t h e  top  t h r e e  outputs  ins tead  

We obta in  a s t i l l  lower 

of one. 

P a r a l l e l  t o  t h e  d i scuss ion  i n  Chapter 11, the  p robab i l i t y  

t h a t  the second l a r g e s t  output  of t h e  maximum l ike l ihood 

r e c e i v e r  corresponds to t h e  t ransmi t ted  s i g n a l  i s  given by, 

W B 
P c 2 ) ( C )  = ( M - 1 )  f (a )  pf(f3- 6) (j f (y)dy)M-2 dgda. 

-Q3 - m  - m  

Simi la r ly  t he  p r o b a b i l i t y  t h a t  t h e  t h i r d  l a r g e s t  output 

corresponds t o  t h e  c o r r e c t  s i g n a l  i s  given by, 
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The p r o b a b i l i t y  of c o r r e c t  dec is ion ,  ( i .e. ,  one of the top  

t h r e e  outputs  of the  maximum l ike l ihood  r ece ive r  corresponds 

t o  t he  t r ansmi t t ed  s i g n a l )  i s  given by, 

P(C) = 

For M = 64, 

i n  Table 1. 

P ( l ) ( C )  + P(2)(C) + P(3)(C).  
1 P( l ) (C) ,  P(2)(C),  P (3 ) (C)  and P(C) a r e  l i s t e d  

The p r o b a b i l i t y  of e r r o r ,  P(E)  = 1 - P(C), is  

cons iderably  reduced. 

W e  s h a l l  make use of t h i s  f a c t  i n  t he  following adapt ive  

feedback scheme which s h a l l  be referred t o  a s  Scheme 2. 

1. Scheme 2 

F i r s t  Transmission: 

equal-energy orthogonal s i g n a l s  through a channel per turbed 

by white Gaussian noise .  One of these M s igna l s ,  sb, s h a l l  

correspond t o  the message " re t ransmi t . "  

s t o r e s  the information and employs maximum l ike l ihood  de tec t ion  

t o  s e l e c t  the  three l a r g e s t  ou tputs  (excluding yb correspond- 

ing  t o  sb). 

i n  descending order  of p r o b a b i l i t y  t o  correspond t o  the  top  

t h r e e  outputs .  

c r a f t  through the e r r o r - f r e e  path.  

Second Transmission: 

ground made the  c o r r e c t  dec i s ion  or not,  t ransmi ts  1 of 4 

orthogonal s i g n a l s  sl, s2, s3' and sb. 

s i g n a l  i s  included i n  sl, s2, and s 3 the  spacec ra f t  r e t r ansmi t s  

Spacecraf t  t r ansmi t s  1 of M equiprobable,  

The ground r ece ive r  

Rename the  three most l i k e l y  s i g n a l s  sl, s2, s3 

A l l  three s i g n a l s  a r e  fed back t o  the  space- 

Spacecraf t ,  upon deciding whether the 

If the  c o r r e c t  



I Erro r  Rate  

1 - P  (1) (6) 

2 x 10-1 
1 x 10-1 

1 x 

1 10-3 

1 

0 799878 

0. go0082 

0. gg0011 

0 998999 

0 * 999900 

P(2)  (c) 

0 . 091618 

0 0 55153 

0 . 007499 

0.00086O 

0 . 000092 

P ( 3 )  (c)  

0.0382 

0 0 0191 

0 . 00147 

0.000096 

0.000006 

0 e 92969C 

0.97433: 

0.99898( 

0 999951 

0 999991 

TABLE 1. P r o b a b i l i t y  of Correct  Detect ion f o r  t h e  
F i r s t ,  t h e  Second, and t h e  Third Largest  
Output of t h e  Receiver.  
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the o r i g i n a l  signal. .  If the  c o r r e c t  s i g n a l  i s  no t  included 

and s the spacec ra f t  t r ansmi t s  sb. The r ece ive r  i n  52, 3 
on the  ground s t o r e s  t h e  information and decodes the message, 

C a l l  it Si (i = 1,2,3, and b). I f  Si = Sb then the  ground 

s t a t i o n  feeds it back t o  t he  spacec ra f t  through the  e r r o r -  

free path. If si # sb then the r e c e i v e r  on the ground adds 

the previous ly  s t o r e d  first, and the second i n t e r v a l s  togeth- 

e r  and uses  maximum l ike l ihood  de tec t ion  t o  obta in  s 

(j = 1,2,3 and b ) ,  which i s  fed back t o  the spacecraf t .  
J 

I f  

s j  # sb the  ground r e c e i v e r  accepts  s a s  the f i n a l  dec i s ion  
j 

and wa i t s  f o r  t he  next  message. S imi l a r ly  t he  spacec ra f t  

moves on to the  next  message on t h e  l i s t .  

Thi rd  Transmission: If s i =  Sb 

re t r ansmi t s  t h e  o r i g i n a l  1 of M orthogonal s igna l s .  

ground r e c e i v e r  adds the  s t o r e d  first and t h i r d  i n t e r v a l s  

and uses  maximum l ike l ihood  de tec t ion  t o  obta in  the  f i n a l  

decis ion.  

on t o  the, next  message. 

t he  spacec ra f t  
Or = 

The 

Both the spacec ra f t  and the ground r e c e i v e r  move 

For a schematic r ep resen ta t ion  

see Figure 5. 

Let  p1 = p r o b a b i l i t y  t h a t  the c o r r e c t  s i g n a l  i s  i n  the top  

three of M orthogonal s i g n a l s  

p r o b a b i l i t y  of e r r o r  f o r  1 of 4 orthogonal s i g n a l s  

1 - 91 

p r o b a b i l i t y  of e r r o r  f o r  1 of 4 orthogonal s i g n a l s  

f o r  two i n t e r v a l s  added toge the r  with t h e  o r i g i n a l  

s i g n a l  p re sen t  only once. 
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- 
rl = 1 - rl 
r2 = p r o b a b i l i t y  of e r r o r  f o r  1 of 4 orthogonal s i g n a l s  

f o r  two i n t e r v a l s  added toge the r  with t h e  o r i g i n a l  

s i g n a l  p re sen t  twice.  
- r2 = 1 - r2 
p2 = p r o b a b i l i t y  of e r r o r  f o r  1 of M orthogonal s i g n a l s  

f o r  two i n t e r v a l s  added toge ther  with the o r i g i n a l  

s i g n a l  p re sen t  twice.  
- 
P2 = 1 - P2 

The o v e r a l l  p r o b a b i l i t y  of e r r o r  is  obtained from the  e r r o r  

t ree  i n  Figure 6. 

and the  o v e r a l l  expected energy required i s  

0 
= 2ES if q1 c p1 c r1 < 0.1. 

Comparing the system without feedback with Scheme 1 and 

Scheme 2 we g e t  t he  following r e s u l t s  

The expected value of the  requi red  energy i s  2Es for 
E 

the  above three systems. The value of $- corresponds t o  

t h e  word e r r o r  p r o b a b i l i t y  of 0.01, ( i e e 9 $  q c )  = 0.99).  



F i r s t  + 
F i r s t  Sbcond Second Third 

Transmission Transmission Transmission Transmission 

FIGURE 6.  P r o b a b i l i t y  of Error  Tree f o r  Scheme 2. 



20 

The above r e s u l t s  c l e a r l y  show a considerable  improvement 

over Scheme 1 w i t h  simple feedback. Reduction i n  e r r o r  can 

be a t t r i b u t e d  t o  many f a c t o r s ;  the  most important one being 

t h e  f a c t  t h a t  i n  Scheme 1 the spacec ra f t  t ransmi ts  an 

o r  " r e j e c t "  s i g n a l  during the second i n t e r v a l  whereas i n  

Scheme 2 t h e  spacec ra f t  r e t r ansmi t s  the o r i g i n a l  s i g n a l  

i t s e l f  i n s t ead  of the "accept" s i g n a l  i f  the r ece ive r  made 

a c o r r e c t  dec is ion ,  otherwise a " re t ransmi t"  s i n g a l  which is 

equiva len t  t o  the " r e J e c t "  s igna l .  

come from choosing the top  three s i g n a l s  i n s t ead  of the t o p  

s i g n a l  which has  a higher p r o b a b i l i t y  of e r r o r .  

11 accept"  

The o t h e r  e r r o r  reduct ions  

2. Scheme 3 

The p r o b a b i l i t y  of e r r o r  i s  s i g n i f i c a n t l y  reduced by 

s l i g h t l y  modifying Scheme 2. 

i f  t h e  output  of the  maximum l ike l ihood  r ece ive r  a f t e r  adding 

the f irst  and the second i n t e r v a l  does no t  agree wi th  the 

output  f o r  the  second i n t e r v a l  by i tself ,  reques t  the  space- 

c r a f t  t o  r e t r ansmi t  the s igna l ,  i .e. ,  i f  sJ  # sl feed back sDe  

Therefore during the Thi rd  Transmission i f  si = s b  or 

s j  = sb o r  s 

1 of M orthogonal s igna l s .  

During the Second Transmission 

# s i t h e  spacec ra f t  r e t r ansmi t s  the  o r i g i n a l  
j 

The o v e r a l l  p r o b a b i l i t y  of e r r o r  

i n  t h i s  case  i s  given by the p r o b a b i l i t y  t ree  i n  

and the o v e r a l l  expected energy requi red  is, 

as>= ( 3  - P191T.2 - p 2 i ; q  1 1 
0 = 2Es if q1 < p1 e rl < 0 , l  
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First + 
First Second Second Third 

Transmission Transmission Transmission Transmission 

FIGURE 7. Probability of Er ro r  Tree f o r  Scheme 3. 
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r r p2 a r e  t h e  same a s  i n  Scheme 2. 91, 1’ 2’ where pl, 

Comparing a l l  t h r e e  Schemes with t h e  system without 

feedback we g e t  t h e  following r e s u l t s .  

M = 64 

ES 

NO 
-in db11.03db 

ES -in db=8.53db N- 

Ove 

Scheme 3 

1 59x10 -4 

a l l  Error-PPI 
L. I 

Scheme 2 

l a b i l i t y  &( 

Scheme 1 

2 . 5 1 ~ 1 0 - ~  

ES 

*O 
The values  Ll.03db and 8.53db of - i n  db correspond to t h e  

word-error p r o b a b i l i t i e s  of 1 x and 1 x 10-1 respec t ive ly .  

The expected value of t h e  requi red  energy is  2Es a s  i n  previous 

comparisons. 

Of‘ t h e  3 feedback schemes considered, Scheme 3, ( i . e . ,  t h e  

modified form of Scheme Z) i s  d e f i n i t e l y  t h e  bes t  a s  f a r  a s  

t k e  o v e r a l l  p r o b a b i l i t y  of e r r o r  i s  concerned. 



CHAPTER V 

CONCLUSION 

Altogether  we have considered 3 feedback schemes and 

compared t h e i r  performance w i t h  a system without feedback. 

Some of t h e  assumptions made a t  the beginning may be d i s -  

carded. For  a l l  t h e  feedback schemes w e  have a r b i t r a r i l y  

t runca ted  the  number of t ransmissions t o  three, but  t h i s  nec:d 

not  be the case.  All t he  conclusions reached mould be un- 

a f f ec t ed  i f  t h e  t runca t ion  was eliminated. It appears t h a t  

we would ob ta in  s i m i l a r  r e s u l t s  i f  we consider  non-phase- 

coherent  orthogonal codes o r  f o r  t h a t  mat te r  biorthogonal 

codes where a reduct ion i n  hardware i s  important.  T h i s  

a n a l y s i s  could a l s o  e a s i l y  be extended t o  Rayleigh noise .  

We have ignored the feedback t i m e  required by t h e  

ground s t a t i o n  t o  t ransmi t  a s i g n a l  back t o  t h e  spacec ra f t .  

This was j u s t i f i e d  on t h e  b a s i s  t h a t  t h e  ground s t a t i o n  h a s  

i n f i n i t e  energy compared t o  the  spacec ra f t  energy. Even 

i f  the feedback t i m e  was n o t  n e g l i g i b l e  when compared to the 

s p a c e c r a f t  t ransmission time T we can e a s i l y  g e t  around t h i s  

problem by employing a d i f f e r e n t  format. We may arrange 

f o r  t h e  spacec ra f t  t o  t ransmi t  t he  next  s i g n a l  while the  

previous s i g n a l  i s  s t i l l  being f e d  back t o  t he  spacec ra f t  

and decoded. 

A l l  t h e  systems were compared on an equal energy b a s i s ,  

however, it should not  be very d i f f i c u l t  t o  compare them on 
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an equal  e r r o r - r a t e  bas i s .  It would r e q u i r e  the  programming 

of va r ious  e r ror  func t ions  and t h e  e r r o r  trees.  The results 

should be c o n s i s t e n t  with the  equal  energy ana lys i s .  
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